Polylactide (PLA) is a bio-based and compostable aliphatic polyester that has gained widespread interest during the last decades due to its promising technical substitution potential. Its good mechanical properties comparable to some mainstream petroleum based thermoplastics are however counterbalanced by its inherent brittleness that limits its scope of applications.
INTRODUCTION
Nowadays, the production of biobased plastics represents nearly 1.5 million tons per year.
Among them, poly(L-lactide) (PLLA), synthesized by ring-opening polymerization of L-lactide, a cyclic dimer of lactic acid derived from starch fermentation 1-3 is one of the most mature bioplastic. PLLA represents a promising polymer as substitute of petroleum-based plastics for a wide range of applications due to its high stiffness, its biobased character and its compostable behavior. 4, 5 However, alike PS, PLLA is a brittle material with low values of tensile strain at break, tensile toughness and impact strength. It is currently characterized by a notched IZOD impact strength as low as 2.5kJ/m² and the use of impact modifiers is often required to obtain acceptable toughness. 6, 7 For PS, this brittleness has been overcome thanks to the development of rubber-modified high impact PS and its copolymers such as styrene-butadiene-styrene and acrylonitrile-butadienestyrene copolymers. 8, 9 These toughening strategies by adding rubber additives (low Tg polymers) were also applied to PLLA. For efficient rubber-toughening, the rubber should be dispersed as discrete particles and be well bonded to the rigid polymer matrix. The particles can be incorporated via blending the rubber with the polymer matrix, or by copolymerizing the rubber with the polymer matrix, taking advantage of the natural segregation of immiscible polymers. Even if the copolymerization represents a powerful means to obtain properties unattainable with PLLA, most of the researches have been focusing on the melt-blending of PLLA with immiscible rubbers due to the economical advantages of this route. 7 The main issue with respect to PLLA toughening, is the selection of the rubber. For an effective improvement of the impact strength of PLLA, the glass transition of the rubber must be at least 20°C lower than the test/use temperature. In addition, the rubber molecular weight must not be too low, it should not be miscible with the PLLA matrix, and must be thermally stable to PLLA processing temperatures. 10, 11 Based on these concepts, various types of rubber were melt-blended with PLLA. Mainstream elastomeric polymers such as olefin-, [12] [13] [14] [15] acrylic- 16, 17 and styrenic-based thermoplastics 18, 19 were first investigated with or without compatibilizers or reactive functions (such as glycidyl methacrylate) 20-23 in their backbone. Most of the described systems showed good enhancement in impact strength of PLLA. However, these additives do not constitute longterm and suitable solutions as they modify the compostable feature of the final PLLA material.
To improve the sustainability of high impact PLLA materials, many studies have been more recently focusing on the development of second generation impact modifiers for PLLA based on biodegradable and ideally bio-based rubbers. Main examples include blends of PLLA with poly(ε-caprolactone) (PCL), 11, 24-27 poly(butylene succinate) (PBS) 28, 29 and their copolyesters, poly(butylene adipate-co-terephtalate) (PBAT), 30, 31 poly(hydroxyalkanoate)s (PHAs), [32] [33] [34] biopolyester elastomer, 35 polymerized soybean oil 36 … Most of the mentioned systems showed no interactions with PLLA thus resulting in poor interfacial adhesion. Thus, in many studies, a compatibilizer (dicumyl peroxide, epoxy functionalized compounds …) was added leading to highly effective systems.
The development of bio-based rubbers remains an important challenge. Plant oils and more particularly fatty acids represent promising feedstock for aliphatic polyesters and polyamides production. [37] [38] [39] In previous studies, our group described the synthesis of various diols bearing ester and/or amide functions that were obtained from methyl 10-undecenoate, a building block issued from castor oil (pyrolysis of methyl ricinoleate). [40] [41] [42] [43] Such diols present a good design for the synthesis of PLLA impact modifiers. Herein we study the binary blends of a novel fatty acidbased poly(ester-amide) thermoplastic elastomer (PEA) with PLLA.
RESULTS AND DISCUSSION

Synthesis and properties of the poly(ester-amide) rubber
The PEA was synthesized by polycondensation of undecenoate butylene diamide diol (UndBdAdiol) with a hydrogenated dimer fatty acid (DFA) (Scheme 1). The structure of the polymer was confirmed by 1 H-NMR spectroscopy as evidenced by ester linkages formation (peaks at 4.22ppm and 2.28ppm) and expected peaks integration ( Figure S1 ). Before melt-blending the PEA with PLLA, some requirements have to be fulfilled in order to maintain an efficient toughening of PLLA. First, the molecular weight of the rubber must not be too low in order to maintain a sufficient response to impact loading. Moreover, by lowering the molecular weight below a certain value, compatibility of the two polymers could happen which would result in no improvement of the PLLA impact strength. A sufficient structural integrity and immiscibility between the two phases was expected with a PEA showing a ̅ of 27 000 g.mol -1 with a molar mass dispersity of 1.6. DSC analysis of the PEA revealed a Tg well below room temperature (Tg ~ -28°C) which is in accordance with the requirements for rubber toughening of PLLA ( Figure S2 , Table S1 ).
Interestingly the PEA showed a semi-crystalline behavior with a melting point at 109°C and a melting enthalpy of 42 J.g -1 despite the presence of long alkyl dangling chains that act as internal plasticizers. The highly cohesive amide segments are thought to be responsible for the crystallinity of the material. Tensile tests, performed on PEA showed a Young's modulus value of 191 MPa at 20°C, which is much lower than the one of PLLA (1.5 GPa). The low elastic modulus is also in accordance with the requirements for effective toughening of PLLA ( Figure   S3 ).
Another requirement for PLLA additive concerns the thermal stability. Indeed the rubber must be thermally stable to PLLA processing temperatures, which are in general around 190-200°C. TGA experiments under N2 were thus carried out. The first weight loss (temperature corresponding to 5wt% loss) is observed near 350°C and 335°C for PEA and PLLA, respectively. The high thermal stability of PEA confirms its applicability as PLLA additive.
The blended polymers must be immiscible to observe a phase segregation at the micro-scale and thus to obtain an efficient rubber toughening. The solubility parameter (δ) is usually used to roughly estimate the compatibility of polymers with solvents or other polymers. It measures the cohesive strength between molecules and can be calculated from the constituent functional groups:
where Ecoh is the molar attraction constant for a particular functional group with volume V.
Solubility parameters of PLLA and PEA were calculated from Hoy method. The obtained values are 11.11 and 10.06 (cal.cm -3 ) 0.5 for PLLA and PEA, respectively. The difference between the two solubility parameters is significant (difference higher than 0.5) and suggests that the two polymers should be immiscible, which is in accordance with the requirements needed for effective toughening of PLLA by PEA. 35 . Scheme 1: Synthesis of PEA rubber by polycondensation of UndBdA-diol and DFA.
Processability and morphology of the blends
The PEA rubber was added in various amounts into a commercially available PLLA (Table S1) using a twin-screw micro-compounder in order to reach final contents of 5, 10, 15 and 20 wt% of rubber. Based on the conditions generally reported in the literature for such systems, the following conditions have been selected: melt-compounding for 5 min at 190°C and 50 rpm followed by injection molding at 200°C in a mold kept at 50°C.
Processability
The thermal stability of the PLLA/PEA blends under non-oxidative conditions was investigated by thermal gravimetric analysis in order to evaluate the processability of the materials. Thermal decomposition parameters are given in Table 1 and illustrated in Figure 1 and Figure S4 . As expected a two-step thermal decomposition is observed for the blends. A first weight loss occurring near 300°C is assigned to the degradation of the PLLA matrix and a second weight loss observed around 350-400°C is characteristic from PEA thermal degradation. Regarding the TGA curves (Figure 1 ) and the corresponding derivatives ( Figure S4 ), a slight decrease in initial degradation temperature of PLLA phase must be underlined. Indeed the temperature corresponding to 5wt% loss decreased from 335°C for neat PLLA to 308°C when only 5wt% of PEA was dispersed in the PLLA matrix. The presence of amide function that can catalyze the depolymerization/decomposition of PLLA matrix could explain this feature. However, further increase in the PEA weight composition did not changed notably the thermal degradation. For all samples, the temperature corresponding to the final degradation was above 490°C and negligible weight residues were measured (less than 3.2%). To summarize, good thermal stability of the blends was noticed despite the slight decrease in initial degradation temperature of PLLA blended with PEA. -350 -(a) TGA, 20 to 700°C, 10°C/min (b) calculated from SEM images using Image J Dynamical melt rheological properties of neat PLLA and PLLA/PEA blends were measured at 190°C (temperature used during melt-blending) in order to evaluate the interaction between both phases and the melt processability of the blends. Polymeric complex viscosity (η*) is related to the storage modulus (G') and loss modulus (G"), which represent the elastic and viscous components of the polymeric modulus, respectively. Figure 2 shows the rheological curves of neat PLLA and those of the PLLA/PEA blends comprising different amounts of PEA.
In Figure 2a is displayed the storage modulus versus the angular frequency. It is noteworthy that G' of the blends increases with PEA content at low frequencies (below 5 rad.s -1 ), which means that the elasticity of the melted blend increases with PEA. The enhancement of blend elasticity over neat PLLA can be attributed to the relaxation of the dispersed phase under slight shear deformation. The higher elasticity of the blends with high contents of PEA can be explained by a longer relaxation process of the dispersed phase due to a diameter increase of the dispersed phase, as discussed later in the manuscript (See figure 3) . At higher frequencies (above 5 rad.s -1 ), the decrease in G' with an increase in PEA content can be attributed to a plasticizing effect of the dispersed particles that become highly deformed. The loss modulus (G") ( Figure 2b Newtonian behavior in the low-frequency region and shear thinning tendency at about 10 rad.s -1, characteristic for linear polymers. The blends present this tendency at lower frequencies meaning that the Newtonian region for the blends is narrower. The dynamic complex viscosities of blends are lower than that of neat PLLA in accordance with an improved processability of PLLA.
In Figure 2d is displayed the plot showing the relationship between the storage modulus (G') and the loss modulus (G") (Han plot). 44 The Han plot gives information on the viscoelastic properties of the blends. Indeed, the bisector, G'=G", divides the coordinate into two parts. Neat PLLA and PLLA/PEA blends are all located below the bisector showing that these materials were more viscous than elastic at the melting state. It is noticeable that the curves shift to the bisector, indicating that the elastic component of the blends increases with higher PEA content.
This enhancement of the blend elasticity may arise from molecular interactions between the amide functions of the PEA and the ester functions of the PLLA matrix.
Morphology
Since the mechanical properties of polymer blends highly depend on the immiscibility of the different phases, it is important to know the microstructure of the blend. Rheological measurements were previously used to evaluate the processabilty of the blends. The Han plot (Figure 2d) can also give information on the miscibility of two phases while in blends. 44 Indeed, it is clearly observed an upturning of the curves for the blends at low modulus while the curve of neat PLLA remains almost linear. This observation indicates that PLLA/PEA blends are immiscible at all concentrations of the dispersed phase in the melt matrixes. 35, 45, 46 Scanning electron microscopy (SEM) was then employed to study the morphologies of the blends at room temperature. 
Crystallization behavior of the blends
One main feature of PLLA is its crystalline ability. Indeed isotactic PLA (PLLA) has been extensively studied due to the high melting point that confers interesting properties to this material. In industrial practice, it is therefore difficult to make use of the semi-crystalline character of PLLA because the high speed of mass production (e.g. in injection moulding) implies quenching, leading to amorphous structures. Some polymers such as PDLA, [47] [48] [49] polyhydroxybutyrate, 50-52 polycaprolactone, 53, 54 polyglycolide, 53 poly(butylene succinate-co-Llactate), 55 starch, 56, 57 cellulose 58 and cyclodextrin 59 have been described as nucleating-assisting agents and spherulite growth-accelerating agents. Moreover, environmental friendly compounds like N,N'-ethylenebisstearamide (EBSA) and N,N'-ethylenebis (12-hydroxystearamide) (EBH) were proved to act as nucleation agent at the very early stage of PLLA crystallization. 46 The chemical structure of the PEA was specially designed to induce PLLA nucleation similarly to the previously described EBSA and EBH (amide segments that can interact with the matrix). In addition, DFA segments were introduced to induce local plasticization thus enhancing the PLLA chains mobility. Consequently, the crystallization behavior of the PEA/PLLA blends was investigated.
Non-Isothermal crystallization behavior
DSC cooling curves from the melt and subsequent heating curves of PLLA and PLLA/PEA blends are shown in Figure 4 . From the cooling curves collected at a cooling rate of 5°C.min -1 , it is noteworthy that neat PLLA displayed a very small exothermic peak compared to the blends.
Moreover the onset of PLLA crystallization moves from 115°C to 130°C. This indicates an enhanced crystalline ability during cooling of PLLA when PEA is dispersed in the matrix. A second smaller exothermic peak is noticed around 93°C which corresponds to the crystallization of the dispersed PEA phase. By subsequent heating of the samples, cold crystallization of neat PLLA is logically observed at 111°C. Interestingly, no visible cold crystallization was observed for the blends except for the PLLA/PEA (95/5: w/w) blend that showed a small exotherm at 98°C. This value is slightly lower than the cold crystallization of neat PLLA (111°C) indicating an enhanced crystalline ability. The absence of cold crystallization for the blends with higher contents of PEA may suggest important crystallization of the PLLA phase during cooling. However, a small endothermic peak assigned to the melting transition of the PEA phase at around 106°C is situated in the temperature window of cold-crystallization of PLLA phase.
Thus, the superimposition of these two physical transitions doesn't allow the exact determination of both the cold-crystallization enthalpy and the crystallinity of the PLLA phase. Melting of PLLA phase occurred in all cases (neat PLLA and blends) at 177°C indicating that the dispersion of PEA into the matrix has no influence on the melting transition of PLLA. Table 2 . Two cooling and heating rates were employed during DSC analyses (5°C.min -1 and 10°C.min -1 ). It is noticeable that cooling and heating rates have a strong influence on the crystallization kinetic. Indeed, while at 5°C.min -1 no or almost no cold crystallization was noticed for the PLLA/PEA blends, at 10°C.min -1 an important cold crystallization exothermic peak was observed for all the samples (Figure S5) . This suggests that PLLA phase could not fully crystallize at the higher heating rate, leading to a drop of PLLA crystallinity. Indeed, the crystallinity of PLLA phase in the PLLA/PEA (90/10: w/w) blend goes from 41% to 27% depending on the cooling rate. However, even at 10 °C.min -1 , the crystalline ability of PLLA was enhanced by the dispersion of the PEA phase. Indeed, the incorporation of PEA in the blend decreased the cold crystallization temperature by approximate 15°C and narrowed the peak width. Moreover, values of crystallinity were higher for the blends than for neat PLLA (15% for neat PLLA to 29% for the blend comprising 20wt% of PEA). (2).
The improvement of the crystalline ability of PLLA by dispersion of polymer additives has been observed by several research groups. It was claimed that the additives proceed by two manners.
In a first case, the increase of the PLLA crystallinity is due to an increase in nucleus number while the growth rate (G) of the spherulites remains unchanged. In a second case, the nucleus number is lowered while the growth rate increases. 53 Polarized optical images (figure 5, figure   S6 and Figure S7 ) clearly show that the first mechanism is responsible of the crystallization behavior of PLLA blends. 
Isothermal crystallization behavior by DSC
To further confirm the enhancement of PLLA crystallization rate, isothermal crystallization investigation was conducted by DSC analyses. To that aim, samples were melted at 200°C for 3 minutes and subsequently cooled at 110°C (note: this corresponds to the maximum of PLLA crystallization determined by DSC). The isothermal crystallization data were then fitted to the Avrami equation. 60 Table 3 ). It is noticeable that the half-time of PLLA crystallization is significantly decreased by the incorporation of PEA. Indeed t1/2 for neat PLLA is 6.12 min while for the PLLA/PEA (95/5: w/w) blend, this value dropped to 2.41 min. The addition of more PEA into PLLA matrix slightly reduces the crystallization half-time. This feature is in accordance with the observations made during non-isothermal crystallization studies. The enhancement of the crystallinity and the crystallization rate of PLLA for physical blends are well-known and have been previously described for other systems. 35, 55 This phenomenon has been attributed to interactions which are taking place at the interface of the phase-separated domains creating favorable nucleation sites for crystallization. We could then hypothesize that PEA creates interactions with the PLLA phase thus lowering the nucleation barrier. 
Mechanical properties.
The toughening of PLLA by dispersion of the PEA elastomer was then investigated; mechanical testing and dynamical mechanical analysis were thus carried out.
Toughening evaluation of the blends
The flexibility and impact strength of PLLA were evaluated thanks to tensile experiments as well as impact testing. As seen from the tensile stress-strain curves displayed in Figure 7 , the fracture behavior of the specimen changed from a brittle fracture for neat PLLA to a ductile fracture for the blends. For PLLA, the sample is thought to break by neck instability resulting in low elongation at break value (only 3.8%). On the contrary, all the blends showed distinct yielding (stress yield) and stable neck growth. Even at 5wt% of PEA, the elongation of the blend was significantly increased (>100%) ( 1 and Figure 3 ). This observation shows the important effect of the microstructure of the blend on its mechanical properties. We also logically observed a decrease in the Young's modulus by addition of PEA into the PLLA matrix. Indeed while neat PLLA shows a Young's modulus of 1.51GPa, the blend containing 5wt% of PEA exhibits a value of 0.84GPa. Further addition of PEA only slightly impacts the Young's modulus. Finally, yield stress was decreasing with the addition of PEA. Yield stress changed from 47.1MPa for neat PLLA to 30.1MPa for the blend with 20wt% of PEA. Impact toughness of the blends was then measured by notched IZOD impact strength test.
Surprisingly, incorporation of 5wt% of PEA resulted in no changes in the impact strength value (2.45 kJ.m -²). However from 10wt% to 15wt% of PEA in the material, impact strength increased up to 3.68 kJ.m -².
In terms of mechanical properties, it seems that the blends containing 10wt% and 15wt% of PEA are the most promising materials for the toughening of PLLA. Indeed for these materials, only limited depression of the Young's modulus and the yield stress values were observed in comparison to neat PLLA and significant improvement in the strain at break and the impact strength were noticed. 
CONCLUSION
A novel poly(ester-amide) (PEA) rubber derived from fatty acids feedstock was synthesized and subsequently used as impact modifier of PLLA. The PEA fulfilled all the requirements for effective toughening of PLLA as seen from its low Tg (-28°C), its low elastic modulus (191 MPa), its thermal stability at the processing temperature of PLLA as well as its theoretical immiscibility with PLLA. PEA was then melt-blended with PLLA by twin-screw extrusion resulting in typical two-phase polymer alloys. The processability of the blends was evaluated by thermal stability investigations that revealed no significant thermal degradation in the PLLA processing temperature window as well as by rheological measurements that showed improved melt elasticity of the blends in comparison to neat PLLA. The immiscible morphology of the blends predicted by the solubility parameters of the two components was confirmed by SEM images, rheological investigations as well as DMA measurements. Very interestingly, the crystallization behavior of the blends was also improved by the addition of PEA as seen from the higher crystallization rates observed both during non-isothermal and isothermal crystallization studies. Indeed, during isothermal crystallization at 110°C, the half-time of crystallization dropped from 6.12 min for neat PLLA to 1.72 min for the blend with a PEA content of 20wt%.
Finally the toughening efficiency of this system was checked by tensile experiments as well as notched IZOD impact testing. A transition from brittle fracture to ductile fracture was observed during tensile tests with PEA contents as low as 5wt%. Maximum elongation at break was observed for 10wt% of PEA (155%) without severe loss in tensile strength and modulus.
Notched IZOD impact strength also increased with the incorporation of PEA rubber particles. were performed on polymers processed into films using a simple hot-press technique. The effective length, width, and thickness of the specimens were 10, 2.5, and 0.5 mm, respectively.
Tensile tests were carried out after the processed specimens were let overnight at room temperature. An average value of seven replicated measurements was taken for each sample.
Notched Izod impact tests were performed according to ASTM D256 using an AIS multi impact XJF-5.5 pendulum impact tester. Optical images were obtained using an Axioskop 
Poly(ester-amide) synthesis
Both UndBdA-diol and the Dimerized fatty acid (DFA-Pripol 1009) were dried at 70°C under vacuum overnight prior to use. A mixture of UndBdA-diol (6.750 g), DFA (7.047 g) and titanium tetra-n-butoxide (84 mg) was stirred at 160°C under dynamic vaccum. After 1h, the temperature was raised to 180°C for 5 hours and then to 200°C for 2 hours. After completion of the reaction, the polymer was dissolved in dichloromethane, precipitated into methanol, filtered and dried under reduced pressure. Regarding neat PLLA, cold-crystallization seems to start around 110°C as seen from the spherulites formation in Figure 5e . The spherulites density at this temperature is quite low indicating the beginning of the cold-crystallization process. At higher temperature (Figure 5g) , the spherulites density stays low; however an increase in their size is noticed. In the case of the blend, cold-crystallization started at lower temperature as seen from the first crystallites distinguished at 100°C. This feature is in agreement with the lower cold-crystallization temperature observed through DSC experiments (See Figure S5 and Table 2 ). The size of the crystallites does not increase significantly with the temperature; nevertheless their density becomes more important. It is also noteworthy that no distinguishable spherulites were observed for the blend contrary to neat PLLA. From these images, we can conclude that improvement of the cold-crystallization occurred via an increase in nucleus number and not from an enhancement of the growth rate. The crystalline surface area was measured on optical images taken for neat PLLA and the blend at different temperatures (Figure S7) . While for neat PLLA, the crystalline surface area at 110°C counts for 0.4% of the total area, the crystalline surface area of the blend represents 10.5% of the total area. This observation confirms the enhanced cold-crystallization of PLLA by addition of PEA which acts as a nucleating-assisting agent of PLLA. From the intercepts and the slopes of log[-ln(1-αc)] versus log t, the values of k and n were calculated respectively (Figure 6 and Table 3 
